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Abstract Luminescent properties of ZnO nanorods covered
with Ag nanoparticles are examined. Nanorods were syn-
thesized on AAO templates using Atomic Layer Deposition
(ALD) technique. Two types of the samples were prepared
with different arrangement of ZnO nanorods and doping
conditions. Nanorods of the second type were codoped with
Al, to stimulate defect-related emissions. The ZnO material
fills heterogeneously the interior of the AAO nanopores and
has hexagonal, wurtzite structure. Both types of structures
exhibit a broad defect-related emission at about 440 nm,
most probably related to recombination at zinc interstitial
(Zni) defects. This emission in samples with a random dis-
tribution of ZnO:Al nanorods and finer Ag nanoparticles is
enhanced by factor of ∼2.5 upon Ag deposition. The so-
obtained material is interesting from the point of view of its
application in blue range emitting diodes.
1 Introduction
ZnO at conventional growth conditions crystallizes into
hexagonal wurtzite structure with the fourfold tetrahe-
dral coordination [1]. Its nanostructures (nanoparticles,
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nanorods) are intensively studied due to their possible ap-
plications in highly sensitive sensors, as fluorescence labels,
photovoltaic materials, etc. [2]. Moreover, 3.37 eV energy
band gap of ZnO and high exciton binding energy of 60 meV
make ZnO attractive for applications in light-emitting diodes
(LED) and in laser diodes (LD) if p-type doping will be mas-
tered.
ZnO, in addition to ultraviolet UV emission being due to
free and bound exciton recombination, often exhibits broad
band emissions of the donor-acceptor-pair (DAP) origin, as-
sociated with the presence of intrinsic or extrinsic defects.
Regarding intrinsic defects, oxygen vacancies (VO), oxy-
gen interstitial (Oi), zinc vacancies (VZn), zinc interstitial
(Zni), oxygen anti-site (OZn), and zinc anti-site (ZnO) are
considered [3, 4]. The extrinsic defects, such as Al, Na, or
Li, are also suggested to be involved in deep-level emissions
in ZnO [5]. The presence of these defects affects also the
electrical properties of the material. For example, ZnO:Al
shows metallic conductivity and high optical transparency,
making this material suitable for application as transparent
contacts [6].
The latter means that ZnO can be used to enhance light
emission from GaN-based LEDs, when used as transparent
contact [7], and also, when in contact area, part of short-
wavelength emission is converted to visible one, as material
in so-called hybrid white-light-emitting diodes.
The density of the structures and their surface area are
important in point of view of the above-mentioned applica-
tions [8]. The smooth surface morphology with well-ordered
grains results in the reduction of the intrinsic defects and im-
provement of efficiency of band-edge emission in UV [9].
In contrary, the rough surface and large surface-to-volume
ratio of ZnO nanostructures results in high doping levels.
For example, an increased concentration of oxygen vacan-
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cies results in a brighter green emission of ZnO. Band-edge
emission in UV spectral region is then weaker [10].
There are several methods to deposit ZnO nanorods
[11]. Recently, ZnO nanorods were synthesized using an-
odic aluminum oxide template (AAO) as a substrate [12–
14]. The so-obtained ZnO nanostructures exhibited a broad
blue/green light emission, which was ascribed to recombi-
nation of carriers trapped at oxygen and zinc vacancies [15,
16]. Importantly, photoluminescence (PL) enhancement was
reported for ZnO nanorods deposited on AAO templates.
This enhancement was related to the generation of oxy-
gen vacancies at interfaces between ZnO nanorods and pore
walls of the AAO [17]. Moreover, strong blue emission was
also observed for ZnO nanoparticles embedded in the AAO
template and also for ZnO thin films deposited on the AAO.
The latter PL emission was ascribed to the increase concen-
tration of Zn interstitials (Zni) in the ZnO in the pores of
AAO template [18, 19].
PL intensity can be further enhanced by coupling with
plasmons in metal nanoparticles. However, in the latter case,
not only enhancement, but also quenching can be observed,
depending on many factors. The most important is energy
matching between PL emission and surface plasmons gen-
erated in metal nanoparticles. The particles size, the sepa-
ration distance between semiconductor and metal, and the
surface roughness of metal are also important [20, 21].
Several mechanisms were proposed to account for the
plasmonic PL enhancement. The enhancement of UV PL
was attributed to the resonant coupling between excitons and
surface plasmons (SP) of metal, but also to the increase of
the local electric fields induced by localized surface plas-
mons (LSP) [22, 23]. In turn, the enhancement of the DAP
emission was related to the LSP-DAP dipole–dipole scatter-
ing [24].
For ZnO nanocrystals, synthesized by sonochemical
method, enhancement of blue emission was induced by
Ag in the ZnO nanospheres with an average size of about
440 nm [25–27]. This observation motivated the present
study. In the present work we deposited ZnO nanorods on
the AAO template by the Atomic Layer Deposition (ALD)
method. We examine the influence of Ag nanoparticles on
the PL properties of deposited ZnO nanorods. Two types
of the samples are studied, characterized by different level
of the nanorods arrangement and ZnO doping. First type of
ZnO nanorods were deposited at 200 °C temperature. ZnO
nanorods of the second type were doped with Al [6] and
were deposited at reduced temperature of 130 oC. These
nanorods were less ordered.
2 Experimental
The AAO template with nanopores of approximately 63.7 ±
4.1 nm in diameter and the inter-pore distance of 93.3 ±
1.4 nm was fabricated using two-step anodization method.
High-purity 0.25-mm-thick aluminum foil (99.9995 %) was
purchased from Alfa-Aesar. The foil was cut into specimens
0.5 × 2.5 cm. The specimens were degreased in acetone
and ethanol. Samples were electropolished in a 1:4 mix-
ture of 60 % perchloric acid and ethanol at constant cur-
rent density of 0.5 Acm−2. The temperature was kept at
283 K, and the duration of electropolishing was 1 min. As
prepared aluminum specimens were coated with acid re-
sistant dye to obtain 0.5 cm2 of working surface area per
sample. Nanoporous alumina was formed by two-step self-
organized anodization under 40.0 V cell voltage in a 0.3 M
oxalic acid solution at 308 K. To preserve constant temper-
ature, the processes were carried out in double-walled elec-
trochemical cell (0.5 dm3) equipped with a circulator bath
(Lauda 105). The solution was stirred during the anodiza-
tion. Platinum grid with the surface area of 6 cm2 was used
as a counter electrode. Distance between the platinum grid
and anodized aluminum was 3 cm. After the first step of an-
odization, formed alumina was removed by chemical etch-
ing in a vigorously stirred mixture of 6 wt% H3PO4 and
1.8 wt% H2CrO4 at 333 K. After oxide removal the samples
were reanodized at the same conditions as presented in the
first step of the process, but the duration of the second step
was 7 h and 5 min to obtain 200-µm-thick AAO template.
The ZnO material was deposited on the AAO by the ALD
technique. Zinc oxide was grown using organic zinc pre-
cursor from diethylzinc (DEZ) and water vapor as oxygen
precursors. Trimethylaluminum (TMA) was used for dop-
ing with approximately 3 % of aluminum (structures of the
second type). The films were grown in Savannah-100 ALD
reactor (Cambridge NanoTech). The process pressure was
10−1 mbar, and the N2 purging gas flow rate was 20 sccm.
The growth temperature was 200 °C for ZnO nanorods
(sample 1) and 130 °C for ZnO:Al (sample 2). Further de-
tails on uniform ZnO:Al films can be found in our recent
publication [28].
The Ag nanoparticles were deposited on the top of as
prepared samples by vacuum evaporation technique at room
temperature and under high vacuum of 10−6 kPa. All evapo-
ration processes were done using resistively heated tungsten
crucibles. After the Ag deposition the samples will be fur-
ther denoted in the text as samples 1′ and 2′, respectively.
The luminescence spectra with an excitation wavelength
of 300 nm and decay times were measured by Fluorolog-3
spectrofluorimeter (Horiba Jobin Ivon).
The morphology of the investigated samples were exam-
ined with a high-resolution field emission scanning elec-
tron microscope (FEI, Quanta 3D FEG), equipped with a
backscattered electron detector (BSE) and energy depres-
sive X-ray spectrometer (EDS) and a duo-STEM bright/dark
field (BF/DF) detector.
The microstructure of the samples was analyzed with a
high-resolution scanning-transmission electron microscope
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Fig. 1 SEM micrographs of sample 1 (a, b) and 1′ (c) and sample 2 (d, e) and 2′ (f)
(STEM; Hitachi HD2700) with an accelerating voltage of
200 kV, equipped with the SE/BF/HAADF (High Angle
Annular Dark Field), EDS, and an electron energy loss
spectrometer (EELS) detectors. Thin foils for electron mi-
croscopy were prepared by the focused ion beam (FIB) tech-
nique using the FB-2100 Hitachi system. A liquid ion metal
source was used as the source of the gallium ion beam. The
accelerating voltage used was 40 kV. Tungsten was used as
a protective layer. The EDX analysis on crosssection were
done by using dual beam system Hitachi NB5000 equipped
with ThermoNoran EDX spectrometer.
3 Results and discussion
Figure 1 presents SEM micrographs of the surface of the
AAO/ZnO and AAO/ZnO/Ag composite samples. A promi-
nent difference in morphology between samples of the 1st
and 2nd type can be observed. The arrangement of the ZnO
nanorods in samples 1 is much more regular than in sam-
ples 2 (compare Figs. 1a and b with 1d and e, respectively)
grown at lower temperature. A hexagonal arrangement, in-
herited from the AAO substrate, can be detected in the sam-
ples 1, whereas in the samples 2 the ZnO nanorods are ran-
domly distributed. The nanorods in both samples seem to
have the same diameter and are consisted of tiny, elongated
crystallites of around 60 nm in length. Figures 1c and 1f
demonstrate the samples after deposition of Ag nanoparti-
cles. It can be noticed that the Ag nanoparticles have a nar-
row size distribution between 15–18 nm in samples of the
first type and between 9–12 nm in samples of the second
type.
Figures 2a and 2b show EDS analysis of samples 1′ and
2′ (structures of the first and second type covered with Ag
particles) confirming the presence of Zn, O, Al, and Ag ele-
ments. Al peak partly comes from the template. This is why
it is observed both for undoped and Al-doped structures. The
Ag lines are very weak because of much lower X-ray emis-
sion probability of L-lines compared to K-lines of Zn, Al,
or O. Furthermore, the presence of Ag is limited to the sur-
face where the interaction volume is actually determined by
the electron probe diameter (the beam spreading is negligi-
ble). Since the interaction volume is small, the X-ray signal
will be also small for Ag element.
Figure 3 shows BSE micrograph (Fig. 3a) and EDS el-
emental map of Zn (Fig. 3b), Al (Fig. 3c), and O (Fig. 3d)
of the material, respectively, revealing the presence of ZnO
in the interior of the AAO nanopores. The ZnO fills the
nanopores rather heterogeneously down to approximately 7–
8 µm.
The microstructure of sample 1 was analyzed by STEM
in more detail. Figure 4 shows scanning electron micro-
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Fig. 2 EDS spectra of sample 1′ (a) and sample 2′ (b)
Fig. 3 BSE micrograph (a) and
EDS elemental maps of Zn
(L-line) (b), Al (K-line) (c), and
O (K-line) (d) of sample 1
graphs of selected parts of the sample cut by FIB. Figure 4a
shows the sample in the bright field (BF) image mode in
which a heavier ZnO phase exhibits a dark and the lighter
Al2O3 phase light contrast, respectively. Figure 4b shows
the same part of the sample in the STEM Z-contrast mode
(obtained using HAADF detector) clearly showing bright
ZnO nanorods embedded into a darker Al2O3 template. The
entire ZnO/AAO material forms a sort of a nanocompos-
ite. Figure 4c shows the selected area electron diffraction
(SAED) pattern taken from the ZnO. Bright rings in the
SAED are corresponding to (100), (002), (101), (102), (2–
10), (103), and (2–12) planes of polycrystalline ZnO. This
confirms that the ZnO nanorods have hexagonal wurtzite
structure.
Figure 5 displays the PL spectra and decay profiles of
ZnO nanorods before and after their covering with Ag
nanoparticles. Both samples of the 1st and 2nd type exhibit
a broad blue PL emission, as previously observed for ZnO
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Fig. 4 STEM images showing the microstructure of the ZnO/AAO composite material: BF (a) and Z-contrast (HAADF detector) (b); SAED
pattern of ZnO in the interior of the AAO nanopores (c)
Fig. 5 PL spectra of samples 1 and 1′ (a) and samples 2 and 2′ (b) (in the inset: PL spectra of blank AAO); decay profiles of blue band in samples
1 and 1′ (c) and samples 2 and 2′ (d)
nanoparticles embedded in the AAO [18, 19]. The strong
ultraviolet emission, expected for high-quality and undoped
wurtzite ZnO structures, is missing in the spectra indicating
a poor crystal quality of ZnO synthesized on the AAO. The
blue PL emission at about 2.84 eV (436 nm) was attributed
to the recombination of carriers trapped at Zni (electrons)
and VZn (holes) [11]. Such identification of the PL band
was based on the results of modeling by the full potential
linear muffin-tin orbital method, which estimated position
of the VZn level at 3.06 eV below the conduction band and
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the position of the Zni level at 0.22 eV below the conduction
band [3].
Deposition of Ag nanoparticles enhances the PL inten-
sity only for the 2nd-type samples. There the PL intensity
is enhanced by about 2.5 times. Various reasons can be re-
sponsible for this behavior. It might be that the coupling be-
tween the Ag plasmons and the ZnO DAPs is different in
two types of the samples. This may relate the difference
in their morphology. The nanostructures of the 2nd type
are characterized by higher disorder giving rise to higher
surface-to-volume ratio of a whole material. Thus, the PL
enhancement may be due to larger interfacial contact area
between Ag and ZnO and, consequently, the enhanced inter-
action between them. In samples of the first type, the con-
tact area is smaller. Then, some nonradiative channels might
have been activated, resulting in the suppression of the lu-
minescence. Since the maximum surface plasmon resonance
(SPR) occurs at 400–460 nm in Ag nanoparticles of the size
between 10–20 nm [29], the visible light emitted from the
ZnO nanocrystals can be considerably absorbed by the Ag
nanoparticles, leading to the quenching of the ZnO emis-
sion. This apparently holds for sample 1′. However, due to
the larger interfacial contact area between Ag nanoparticles
and ZnO surface in sample 2′, the excited electrons in the
Ag nanoparticles can easily transfer to the conduction band
of ZnO. Because the conduction band of ZnO is higher than
the Fermi level of Ag (Fig. 5, Ref. [20]) these electrons are
without difficulty transferred back to the Fermi level of Ag,
which is higher than the defect level located at ZnO. Due
to the similar energy values between the Fermi level of Ag
and the defect level in ZnO, there is another efficient energy
transfer from Ag Fermi level to the defect level at the ZnO
side, and the DAP emission is enhanced in the case of sam-
ple 2′.
There are other possibilities. For instance, electrons at
defect levels of ZnO could be excited via energy transfer
from Ag. In this case no holes are trapped at acceptor lev-
els, and thus DAP emission is not observed. Finally, the effi-
ciency of plasmonic effect can be affected by the dimension
of nanostructures and of the Ag nanoparticles. In samples of
the second-type Ag particles are finer than in samples of the
second type (Figs. 1c and 1f).
The decay times of the blue PL were studied to eluci-
date PL enhancement mechanism. They are in nanoseconds
range as previously observed [30]. The decay time τd in-
creases in sample 1′ as compared to sample 1 (from 2.3 ns
to 4.1 ns) and remains nearly stable in case of samples 2 and
2′ (1.9 ns and 2.2 ns, respectively). A change of the observed
decay time of fluorescence, τd = 1/(kf +knr), is fairly small.
It can reflect changes of the rates of either the radiative, kf,
or nonradiative, knr, processes, or both of them [31].
PL enhancement effects by plasmonic effect were ob-
served in several cases (see, e.g., Ref. [32]). There the prox-
imity of emitting centers (about 10 nm) to silver islands re-
sulted in increased emission intensities and decreased life-
times. In the present case, a decreased PL lifetime is not ob-
served. Thus, the higher emission intensity can result from
light scattering by silver NPs. The PL enhancement may be
due to excitation of the dipolar SP of the silver NPs. Then the
electro-magnetic field of excited SP can increase the transi-
tion probabilities of the nanorods absorption resulting in the
increase intensity of emission with tiny increase of the emis-
sion lifetime.
4 Conclusions
Luminescent properties of ZnO nanorods covered with Ag
nanoparticles are examined. The ZnO nanorods were de-
posited using AAO templates with the ALD technique. Two
types of the samples were prepared with different arrange-
ment of ZnO nanorods. Both types of samples exhibit a
broad emission centered at around 440 nm most proba-
bly originating from zinc interstitial (Zni) defects. The blue
emission was further altered by the Ag nanoparticles de-
positions. The sample with a random distribution of ZnO
nanorods and finer Ag nanoparticles demonstrates the lu-
minescence enhancement by factor of ∼2.5 upon Ag depo-
sition, whereas samples with regular arrangement of ZnO
nanorods show the luminescence suppression. The material
can be interesting from the point of view of its application
in blue range emitting diodes.
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